Lower eukaryotes such as the yeast Succharomyces cerecisiae and the filamentous fungus Aspergillus nidulans possess a multiplicity of amino acid transporters or permeases which exhibit different properties with respect to substrate affinity, specificity, capacity and regulation. Regulation of amino acid uptake in response to physiological conditions of growth is achieved principally by a dual mechanism; control of gene expression, mediated by a complex interplay of pathway-specific and wide-domain transcription regulatory proteins, and control of transport activities, mediated by a series of protein factors, including a kinase, and possibly, by amino acids. All fungal and a number of bacterial amino acid permeases show significant sequence similarities (33-620/o identity scores in binary comparisons), revealing a unique transporter family conserved across the prokaryotic-eukaryotic boundary. Prediction of the topology of this transporter family utilizing a multiple sequence alignment strongly suggests the presence of a common structural motif consisting of 12 o-helical putative transmembrane segments and cytoplasmically located N-and C-terminal hydrophilic regions. Interestingly, recent genetic and molecular results strongly suggest that yeast amino acid permeases are integrated into the plasma membrane through a specific intracellular translocation system. Finally, speculating on their predicted structure and on amino acid sequence similarities conserved within this family of permeases reveals regions of putative importance in amino acid transporter structure, function, post-translational regulation or biogenesis.
Introduction
Amino acids are accumulated by fungi for both catabolic and biosynthetic reasons. Catabolism of amino acids leads to glutamate, ammonia or glutamhe, which are the principal nitrogen donors for biosynthesis. A number of transporters or permeases mediating amino acid uptake have been identified and studied genetically and physiologically in Saccharomyces cerevisiae, Aspergillus nidulans and Neurospora crassa (for reviews see [l-3] ).
Most of them are specific for one or a few related L-amino acids and exhibit different properties with respect to substrate affinity, specificity, capacity and regulation. In addition to specific amino acid petmeases, S. cererisiae, and probably A. nidulans [2] and N. crassa [2.4] , possess a broad-specificity, large-capacity, general amino acid permease mediating the uptake of most L-and D-amino acids, non-proteic amino acids such as citrulline and omithine and a number of amino acid toxic analogues or amino acid biosynthesis inhibitors [1, 3, 5] . This panoply of differentially regulated permeases with different afGnities, specificities and capacities allows microbial eukaryotes to take up amino acids at widely different rates, under extreme external concentrations and under different physiological conditions.
Within the last 8 years a number of amino acid permease structural genes, but also of regulatory genes controlling permease activities iu lower eu-karyotes, have been cloned and characterized at the molecular level. The overwhelming picture arising from these recent molecular data is that fungal amino acid permeases: (i) are highly regulated transcriptionally and post-translationally; (ii) belong to a single, unique, family of transporters which includes a number of bacterial permeases and have a common structural motif with other transport proteins of both prokaryotes and eukatyotes; and (iii) follow a very specific ttanslocation pathway to be localized in the plasma membrane. The main goal of this review is not to present individual amino acid transport systems, nor does it intend to discuss extensive kinetic, biochemical and genetic aspects of these permeases.
We rather wish to highlight recent genetic and molecular data which have led us to consider amino acid permeases of lower eukaryotes as a unique and ideal molecular system to study complex interactions of regulation of gene expression, membrane protein topogenesis and transport mechanisms. Although most of the molecular data presented in this review come from work with either S. cereoisiue or A. niduluns, genetic and biochemical studies strongly suggest that other lower eukaryotes share amino acid uptake systems of similar structure, function and regulation.
2. Regulation of amino acid permease activities: an array of adaptive mechanisms Within the last decade, the detailed genetical analyses of a number of regulatory systems of lower eukaryotes have become amenable to virtually all molecular and genetical manipulations. This 'revolution' in the study of eukaryotic systems at the molecular level has dramatically increased our knowledge with respect to the variability of regulatory mechanisms. Although regulation of gene expression in yeast and filamentous fungi operates mainly at the level of transcription, post-transcriptional, translational and post-translational regulation have also been found. A eukaryotic genetic system can be regulated at different levels, which necessarily implies different mechanistic models. The multiplicity and diversity, but also the complex interactions of eukaryotic regulatory systems is exemplified by the mechanisms microbial eukaryotes employ to adapt amino acid permease activities to their environment. At a transcriptional level, these mechanisms include pathway-specific induction, nitrogen catabolite repression, carbon catabolite repression and possibly regulation in response to amino acid availability ( Many specific amino acid permeases in S. cererisiue have been reported to be expressed constitutively [l,S-91. However, this is not a general rule for all specific amino acid petmeases of microbial eukaryotes. Methionine. leucine, valine, isoleucine, alanine and yamino-butyric acid (GABA) uptake rates in yeast [3] and proline and GABA uptake rates in A. nidulans [l,lO,ll] have been shown to increase upon addition of the corresponding amino acid.
GABA-specific permease
The GABA-specific permease, UGA4, is the best studied example of a yeast-inducible permease ([12] ; for review see [3] ). Two trans-acting factors, encoded by the pathway-specific UGA3 gene [13, 14] and the pieiotropic CJGA35 gene [15-171, respectively, control UGA4 transcription. Both code for DNA-binding transcription regulators [14, 17, 18] . The product of a third regulatory, pleiotropic, gene, UGA43, exerts a negative control on UGA4 transcription [15, 16] . ugu43 loss-of-function mutations lead to UGA4 constitutive expression. The UGA43 protein contains a zinc-finger domain characteristic of the GATA-like transcriptional regulators, very similar to other yeast and fungal regulators involved in nitrogen catabolite repression (see below) or allantoin permease transcript induction [19] .
Proline pemease A widely characterized example of a highly inducible specific permease in filamentous fungi is the proline permease encoded by the prnB gene in A. nidulans [lO,ll] . Proline can serve as both nitrogen and carbon source and all prn catabolic activities involved in proline utilization are subject to pathway specific induction by proline [ll] . Induction by proline is mediated by the product of the pathwayspecific reguiatory gene prnA which codes for a truns-activator belonging to the class of Zn binuclear DNA-Singing regulators 1201. induction of the pm system is dependent on efficient accumulation of proline by the product of the prnB gene. The efficiency of prnB transcription is itself highly dependent on the presence of other nitrogen-and carboncontaining compounds in the growth medium 1211; prnB transcription is highly induced by low levels of proline (accumulated by an unidentified, constitutively expressed, minor transport system) only in the simultaneous absence of 'rich' nitrogen (ammonia, glutamine or asparagine> and carbon (ghrcose or sucrose) sources. On the odter hand, pm6 transccrption is very low when both such repressing nitrogen and carbon sources are present in the growth medium. The repressive effect of these readiiy utilized nitrogen and carbon compounds on the transcription of a great number of genes coding for enzymes and permeases involved in catabolic pathways of secondary metabolites is known as nitrogen catabolite, or metabolite, repression (for review see [l] ) and carbon catabolite repression [21, 22] , respectively. In A. niduluns, the expression of all genes involved in nitrogen source catabolism require the product of the positive regulatory gene areA. In the presence of 'rich' nitrogen sources, nitrogen catabolite repression is mediated by inhibiting the function of the AREA regulatory protein. On the other hand, in the presence of 'rich' carbon sources, carbon catabolite repression of all genes involved in carbon catabolism is mediated by the product of the negative regulatory gene creA. In the case of the prnB gene, a complex interplay between pathway-specific induction and wide-domain regulation is thus mediated by the products of the prnA, areA and creA regulatory genes (Fig. l) , in order to determine the efficiency of proline permease activity by adapting its synthesis to the quality of primary nitrogen and carbon sources ]11,21,221.
Role of area gene product
The are4 gene was long considered a particularly attractive eukaryotic gene for study because of the large number of structural genes encoding enzymes and permeases under its control, the ease with which expression of these can be monitored, and a uniquely diverse set of mutant phenotypes which have been isolated and genetically characterized (reviewed in [l] ) The are4 gene has recently been cloned and studied at the molecular level [23, 24] . It encodes a transcription activation factor containing a putative zinc-finger domain of the Cys, class with a high degree of amino acid sequence similarity with those of the GATA family of transcription regulators of other fungi and higher eukaryotes 125-271. This observation led to the prediction that the AREA protein will recognize promoter sequences containing a S-WGATAR3' core, the consensus DNA-binding site of GATA factors. In that direction, the 'in vitro' binding ability of all potential AREA binding sites in the 5'-regulatory region of the prnB gene was recently tested using purified, recombinant AREA protein containing the putative DNA binding domain. By depurination and depyrimidination interference footprinting, the AREA-DNA binding specificity and the involvement of each nucleotide of the binding sequence were established (D. Gomez, V. Gavrias, H. Arst, C. Scazzocchio and B. Cubero, manuscript in preparation). It was found that AREA requires the proximity of at least two binding sites for efficient binding, and is able to bind a wider than the WGATAR variety of sites. This fact is believed to account, at least in part, for the non-hierarchical heterogeneity of phenotypes of some areA mutations which were found to affect the specificity of gene activation by altering a loop residue of the putative zinc-finger [23] . Such mutations presumably identify residues involved in the efficiency of recognition of at least some areA receptor sites. These assumptions are further supported by the isolation and characterization of a number of &-acting regulatory mutations in the 5 upstream region of two purine permease genes under AREA control; these mutations map in the context of the AREA target sequences and suppress am4 specificity mutations by restoring proper binding of the mutant AREA protein (G. Diallinas, L. Gorfinkiel, T. Langdon, C. Scazzocchio and H. Arst, unpublished results; (281).
Transcription activation factors similar fo area
The AREA protein of A. nidulans is isofunctional to the NIT2 protein of Neurosporu crussa [25] and very similar (both in structure and function) to the GLN3 protein of Succharomyces cererlisiae [26, 29] . A number of regulatory genes whose products seem to interact, functionally or physically, with GLN3 or NIT2 have also been identified and characterized. In S. cereuisiae, the gene URE2 codes for a protein, similar to glutathione S-transferases, which is required for the inactivation of GLN3 in the presence of glutamine [29, 30] . URE2 probably acts directly and catalytically on the GLN3 gene product. A negative-acting regulatory gene, nmr, prevents the expression of various nitrogen catabolite repressible genes when primary nitrogen sources are available in N. crassa [31] . In S. cereuisiae, the expression of the permease genes GAP1 (encoding the general amino acid permease; [1, 3, 5] ), PUT4 (encoding proline permease; [1, 3, 24] ) and CAN1 (encoding arginine permease; [25] ) are under the GLN34JRE2 control (and strongly repressed by preferential nitrogen sources). The HIP1 gene (encoding histidine permease) might also be under nitrogen catabolite repression considering, that its 5' regulatory region contains putative target sites of the GLN3 regulator (CAN1 and HIP1 were for long considered to be nitrogen catabolite repression-insensitive; [l-3,6,7] . Thus, nitrogen catabolite repression seems to be a general mechanism to control amino acid uptake in microbial eukaryotes. The effector of nitrogen catabolite repression is most probably glutamine, since glutamine synthetase mutants, in which glutamine synthesis from ammonia is blocked, result in derepression of several permeases and enzymes even in the presence of ammonia 133,341. In the AREA protein, the Cterminal region has been shown to be required for nitrogen catabolite repressibility and might contain a glutamine-binding motif [23, 24] .
Complex regulation of prnB expression
As already discussed, the prnB gene shows a more complex regulation, being under both nitrogen catabolite repression and carbon catabolite repression, probably reflecting its double 'role' as a nitrogen and carbon source. The CREA repressor mediating carbon catabolite repression in A. nidulans is, similarly to AREA, a DNA-binding protein, but contains two Zn fingers of the C,HZ class [35] . Operator derepressed mutations fprid) in the prnB upstream region lead to prnB derepression and have originally defined the sequence GAGACCCCA as part of the putative binding site of CREA [21] . In vitro protection and interference footprinting experiments have confirmed that CREA binds to two 'target' sequences defined by the prnd mutations [36] . The consensus sequence of the CREA binding sites has been determined to be S-SYGGKG-3' but not all possible sites defined by this consensus bind CBEA. Binding at different physiological sites seems to be context-dependent [36] . All these physiological sites include the consensus G/CPyGGGG which has been defined as the binding site of the MlGl regulatory protein, an isofunctional repressor involved in carbon catabolite repression in S. cerecrisiue [37] . CREA and MIGI are very similar proteins, both in respect to their structure and DNA-binding abilities, but while CREA is the universal carbon catabolite repression repressor in A. niduluns, MIGl is involved in carbon catabolite repression of only some yeast genes.
Another transcriptional circuit
Preliminary evidence for yet another transcriptional circuit which might operate on genes coding for amino acid penneases in S. cererisiae has been obtained in the authors' laboratory. In yeast, signals of amino acid starvation lead to the translational activation of the general activator protein GCN4 ([38] ; analogous regulators exist in N. crassu and probably A. nidulans) which in turn activates the transcription of most genes encoding enzymes involved in amino acid biosynthesis. The actual signal for GCN4 activation is believed to be an increase in the ratio of uncharged to charged tRNA molecules within the cell. Evidence for this comes from the study of conditional aminoacyl-tRNA synthetase mutants which at non-permissive temperatures show a highly elevated activity of the GCN4 protein, although intracellular amino acid pools are not altered. We have initially noticed that amino acid starvation, imposed by an amino acid biosynthesis inhibitor, leads to increased uptake rates of several amino acids (unpublished results). Although this can be interpreted by changes in internal amino acid pools which in turn affect the feedback inhibiting or transinhibiting post-translational mechanisms controlling amino acid transport activities (see below), we have obtained additional evidence that an amino acid starvation signal can directly affect the expression of, at least, the histidine permease gene. First, the GCN4 DNA-binding consensus sequence S-TGACK-3' is present in the 5' upstream region of HZPI and, second, a thermosensitive histidyl-tRNAsynthetase mutant (htsl-I) resulting in increased levels of uncharged histidyl-tRNAs and derepressed GCN4 activity at 37"C, also shows increased histidine uptake rates (unpublished results).
Post-tronrlational regulatory mechanisms Eoidence for inactivation pathways
As already discussed previously, nitrogen catabolite repression triggered by glutamine, asparagine or ammonia is a major regulatory system controlling de novo synthesis of amino acid permeases in response to nitrogen source availability. Upon addition of any primary nitrogen source to proline-or urea-grown cells, amino acid permease gene expression is progressively and completely repressed in approximately 2.5-3.0 h 121,321. However, in yeast it has been shown that the general amino acid perrnease (GAP11 and proliie permease (PUT41 transport activities are reduced to 50% in 27 and 17 min, respectively, by ammonium and still more rapidly by glutamine and glutamate (7 and 15 min, respectively) [34, 39] . The isolation of several types of regulatory mutants has confirmed the existence of at least two rapid 'inactivation' pathways operating at the level of transport activities [34,39&t] . The first pathway is reversible and specific for ammonia. In the second pathway, glutamine (and possibly also ammonia) may act as inactivators. Any mutation affecting the interconversion of ammonia, glutamate and glutamine or changing the levels of these compounds in the cell, indirectly affect these mechanisms. Mutations which block either nitrogen catabolite repression or any of the two inactivation systems have revealed that any of these mechanisms is by itself sufficient to suppress the activities of GAP1 and PUT4 permeases [1, 3] . Previous results suggest the existence of similar inactivation systems in A. niduluns [1,21.
Molecular basis of the inactivation pathways
The molecular basis of the glutamine/glutamate inactivation pathway remains largely unknown. On the contrary, mutations affecting the reversible ammonia inactivation system have been identified, the corresponding genes isolated and characterized and a model underlying its mechanism is steadily emerg-ing. GAPl, PUT4, GNP1 (glutamine permease) and DAL.5 (allantoin pcrmease) inactivation by ammonia requires the integrity of the NJ'11 and NfI2 genes [1, 3, 40, 41] . npil and npi2 mutations lead to ammonia-insensitive permeases. Other mutations, npi5 = amul and guml, make MEPl/MEP2 (methylamine/ammoni;lm ion permeases) and UGA4 (GABA permease) ammonia-insensitive but do not affect the permeases affected by NPII and NPI2 genes [3] . This implies that different NPI gene products might directly affect groups of penneases. Of great interest are the mutations, obtained by Grenson and co-workers. specifically suppressing ammonia inactivation of a given permease [3&l; pgr is located in the GAP1 coding sequence, prr in PUT4, and gur is a delta insertion in the C-terminal region of UGAI. These mutations should, in principle, define the permease domain acting as a receptor of ammonia inactivation, as for example, the domain which might interact with the NPI regulatory proteins.
Re-activation
Re-activation of GAPl, PUT4, UGM, GNPl, DAL5, MEPl, MEP2 and of a urea perrnease occurs upon ammonia removal and requires the products of the gene NPRZ [l-3,4044] .
nprl mutations result in complete inactivation of the activity of GAPl, and reduce PUT4 (by 50%) and a number of other permease activities in proline-grown as well as in ammonia-grown cells. On the other hand, nprl mutations reduce ammonia levels in the cell because they lead to reduced ammonia uptake activities (MEPl and MEPZ) ar.d thus result indirectly in derepression of a number of permeases under nitrogen catabolite repression. npil and npi2 mutations are epistatic to nprl mutations indicating that NPRl is only needed to counteract the negative effect of the NPI products. NPRI has been sequenced and found to encode a putative protein kinase [44] . NRPI gene expression has been found not to be regulated by the quality of the nitrogen sources present in the growth medium. Grenson and co-workers have presented a speculative regulatory model for the action of the NPII, NPf2 and NPRI gene products in response to the presence or absence of ammonia [1, 3] . They have proposed that under non-repressing conditions the ammonia-dependent NPIl and NPU inactivation system is potentially active but it is counteracted by the activity of the NPRl protein kinase so that a steadystate equilibrium is reached. In the presence of ammonia, either NPRl activity is repressed or the NPI gene products are activated, so that equilibrium is lost and amino acid permeases are inactivated. Sophianopoulou and Diallinas [45] have recently isolated and characterized the AUAI gene whose expression seems to be involved in the reactivation of GAP1 permease, implying that the AUAI and NPRI gene products might act synergistically to promote GAP1 activation upon ammonia removal from the medium. auol null mutations show very weak gapl phenotypes (resistance to D-histidine and reduced citrulline uptake), but ACJAZ overexpression, either by an up-promoter regulatory mutation or by a highcopy vector, releases GAP1 activity from ammonia inactivation without affecting GAP1 transcription [45] . The AUAZ transcript contains a short open reading frame (ORF) of 94 amino acids preceded by a long S-untranslated region containing multiple mini-ORFs. Thus, although AUAZ transcription is moderately repressed by ammonia, AUAl expression could be regulated at a translational level, through a mechanism involving the upstream mini-ORFs, similar to the mechanism of GCN4 translational regulation in response to amino acid starvation [38] . Like the GCN4 translational regulation in response to amino acid starvation, AUAZ could be translationally regulated in response to nitrogen-source availability. The level of AUAl expression might determine the functioning of the NPRI, NPII and/or NPI2 gene products and thus control the inactivation-reactivation regulatory loop. In fact, the AUAl putative polypeptide somehow resembles general features of small, basic, DNA-binding proteins, indicating that it could be involved in transcriptional regulation of gene expression i45]. Alternatively, NPR! protein kinase or the NPI gene products could control AUAZ expression which itself regulates amino acid permease activities by an unidentified mechanism.
Mechanisms of inactivation-reactivation
The mechanisms underlying the action and the interactions of the AUAI, NPRI, NH1 and NPI2 gene products still remain largely unknown. Phos- In yeast, analogous inactivation mechanisms, involving a phosphorylation-dephoshoryiation cascade, operate in response to the carbon source present in the medium. It has been suggested from studies r? mutants with varying CAMP kinase activities that the CAMP-triggered phosphorylation cascade effects glucose and gatactose permease inactivation [49] . In the presence of glucose. or other fermentable sugars, maltose uptake is also inhibited very rapidly 1501. CAMP-dependent phosphorylation and regulated endocytosis have been shown to be involved in the regulation of fructose-1,6-biphosphatase, the best studied example of catabolite inactivation 1511. In the case of carbon cata'bolite inactivation of the maltose permease(s), specific proteolysis of the protein is suggested but the mechanism of degradation has not been established as yet [SO] . It would be interesting to study whether a fungal permease, such as the prnB gene product of A. fridufans, transporting an amino acid which can be used as a carbon source (proline). is also regulated by carbon catabolite inactivation.
Possible feedback and rrans-inhibition by inrracellular amino acids
Feedback and &arts-inhibition have also been reported to control amino acid permease activities in yeast [l-3] . GAP1 and specific permeases are inhibited intracellularly by their transported substrates. Feedback inhibition of histidine, threonine and GAP1 permeases is noncompetitive and probably allosteric, suggesting that it involves a binding site other than the 'import' binding site [1,3j. In some cases a highly specific amino acid permease, such as the proline permease, is trans-inhibited by an amino acid which is not its substrate. This trans-inhibition is non-competitive and independent of the specificity of the system involved, the inhibitory power decteasing in the sequence: ptoline, lysine, phenylalanine, glutamate, atginine, glycine, leucine and GABA [2] . A direct consequence of feedback inhibition and trans-inhibition is that the accumulation of amino acids is almost irreversible although vacuolar sequestration should also be partly responsible for the irreversibility of, at least, basic and neutral amino acid uptake. Basic and neutral amino acids entet the vacuole where they are stored as a secondary nitrogen source by an active transport mechanism, mediated by several specific proton-antiporters (for an extensive review on vacuolar transport see [52] ). The main role of feedback and ttans-inhibition by intracellular amino acids is obviously to adjust cell transport activities to intracellular amino acid availability. Intracellular amino acids could be major effector molecules participating in the post-translational control of a permease by the inactivation-reactivation mechanisms reported above, and amino acid availability could regulate the activity of the NPRZ, NPIl, NPl2 or AUAI gene products. Amino acid intracellular pools should themselves be highly dependent on the quantity and quality of primary nittogen and carbon sources which dramaiically affect amino acid biosynthesis and protein translation rates. Poor supplies of primary sources or poor nitrogen and carbon sources result in lower amino acid pools and reduced protein synthesis, which in turn results in a signal for increased transport activities to supply the cell with extracellular compounds and a parallel induction of amino acid biosynthetic pathways. The complex interplay of regulatory mechanisms involved in control of transport but also in control of biosynthesis of amino acids reflect the efficient and rapid signal transduction mechanisms employed by microbial eukaryotes in response to environmental changes.
3. Structure and topogenesis 3.1. General properties of carrier-mediated transport Most active transport proteins take up specific solutes using a chemi-osmotic form of energy [2,.53,54] . A solute can be co-transported with fsymport), or counter-transported against (antiport), a charged species which flows down its electrochemical gradient in an energetically favourabie process and thus drives the transport of the solute against a concentration gradient. It has been proposed that symporters and antiporters are homologous to uniporters which catalyse simple facilitated diffusion without metabolic energy cost and that all these transport proteins are mechanistically very similar 155,561. Although active transport carriers appear to function with binding and specificity sites that have the capacity to alternate between two conformational states accessible on one side of the membrane and then the other (the alternating process model; [53, 54] ), envisioning comparatively small conformational changes inside the protein, a preformed channel may still be a structural requirement for carriermediated transport [56] .
3.2. Three-dimensional structure of transporter proteins and experimental approaches
The three-dimensional structures of transporter proteins have been predicted exclusively on hydropathy analyses and biochemical studies (crystallization attempts have been so far unsuccessful). It is generally believed that transporters typically include stretches of hydrophobic amino acid residues that form discrete domains of membrane-spanning Qhelices and, to a limited extent, /?-strands [57-611. These pack together to form a three-dimensional structure that represents a hydrophobic exterior exposed to the lipid bilayer and a hydrophilic core, associated with the transport pathway. Substantial hydrophilic regions can also exist in solution outside the confines of the membrane. It has been proposed that individual hydrophobic transmembrane segments of multispanning membrane proteins are integrated sequentially by a mechanism in which the most N-terminal membrane spanning region determines the orientation of the entire protein in the membrane. Subsequent trans-membrane segments insert into the membrane accordingly with alternating transmembrane domaius functioning as 'internal signal sequences' and 'stop-transfer' sequences [%I. Recently, it has also been proposed that the distribution of charged amino acids determines the orientation of transmembrane segment in the membrane; the so-called 'positive-inside rule' states that many more positively charged amino acids are located in the cytoplasm as compared to ex!racytoplasmic domains [62-681. Topological predictions based on hydropathies and the 'positive-inside rule' have proved to be in good agreement with biochemical results. These come from spectroscopic measurements [69-711, chemical modification [72] , limited proteolysis 1731, immunological studies [74] and, recently, gene-fusion technology [75-771. In this latter powerful approach, reporter proteins are fused to the test protein at different sites along the length of the protein, replacing the C-terminus. The activity of the reporter protein depends on its final location, cytoplasmic vs. extracellular. The most widely used reporters in bacterial studies are the alkaline phosphatase and /3-lactamase (both active periplasmitally) and /3-galactosidase (active cytoplasmically). Both hydropathy analyses and such biochemical studies finally led to the generally accepted idea that the great majority of plasma membrane transport systems, including facilitators and active transporters of both eukaryotes and prokaryotes, share a similar topology which is predicted to consist of a structural motif of 12 transmembrane spanning a-helical segments [55,56,78-811. [3, 8, 10, 86] . This idea is based on the following observations: (il similar length (550-628 amino acid residues; Fig. 1 ) corresponding to proteins of 60-70 kDa; (ii) nearly identical hydrophobicity profiles indicating similar stiucture and topology (see Fig. 3 ); (iii) 33-62% amino acid identity (70-92% similarity) in binary comparisons (see aromatic amino acids, phenylalanine and GABA transport, respectively (see Fig. 1 ). All amino acid penneases of this family share practically super-imposable hydrophobic profiles (although bacterial transporters are shorter in length), with hydrophilic N-and C-termini (SO-100 amino acid residues) and lo-12 highly hydrophobic a-helical segments of about 16-20 amino acids each, connected by relatively short hydrophilic loops. The limits of these hydrophobic, putative transmembrane segments are usually defined by a-helix breaking prolines and clusters of charged amino acids. The number of transmembrane segments in different reports [lo-121 depends on the algorithm and the amino acid 'window' used [58, 91] . Here, we have applied a novel programme for the prediction of putative transmembrane segments in proteins using multiple sequence alignments 1921 and found that the proteins of the amino acid transporter family are predicted to have 12 distinct putative transmembrane domains. This method was shown to be more successful than predictions based upon single sequences alone [92] . Recently, gene-fusion techniques were also employed to study the topology of yeast membrane proteins. In particular, various reporter genes have been used to determine the structure of the CAN1 p,rmease. Hoffman [93] , studying the products of fusions between the genes CAN1 and SLICZ, predicted 11 transmembrane segments, the N-terminus of the CAN1 protein facing the cytosol and thus the C-terminus being extracellular. However, Ahmad and Bussey 1941, using fusions with acid phosphatase predicted ten transmembane segments with both the N-and C-tennini cytosolic. Ten transmembrane segments and cytosol-facing N-and C-termini for the CAN1 permease were also confirmed by Green and Walter [95, 96] using histidinol dehydrogenase fusions. This discrepancy in topological studies using the gene-fusion technique might be the result of introducing various, and specific to each fusion, local conformational constraints which prevent insertion in the membrane. Alternatively, protein translocation might involve an inter-transmembrane domain co-operative mechanism which is disrupted differentially in the various fusion proteins used in these assays. Thus, topo\ogical models based on such studies should be considered as 'minimum' models.
Topogenesis of amino acid transporters
Co-translational and post-translational translocation of membrane proteins. Eukaryotic membrane integral proteins must be localized in the plasma membrane, the vacuolar membranes, the endoplasmic reticulum or the Golgi apparatus in order to carry out their biological functions. Such proteins follow, to different degrees, a translocation pathway which shares common steps with the extensively studied 'XC secretory pathway [97-1021. Key components of the translocation apparatus have recently been identified and found to share similarities with proteins involved in bacterial protein topogenesis [103-1051. In yeast, both co-translational and post-translational translocation of proteins have been demonstrated in vitro and in vivo [102, 103, 106, 107] . It is likely that, in post-translational topogenesis, cytosolit chaperones, such as Hsp70, are required to keep precursor molecules in a translocation-competent state [100, 104] .
Specificity of amino acidpermease topogenesis. How do permeases, and in particular amino acid permeases, find their way to the plasma membrane? Transport of the yeast general amino acid (GAP11 and proline (PUT41 permeases to the plasma membrane has been shown to require SEC1 [39] , an essential protein for the vesicular transport from the Golgi apparatus to the plasma membrane 197,981. Generally, however, little is known about the trafficking of amino acid permeases from the ER towards the plasma membrane. On the other hand, recent reports [95, 96] have identified a number of factors involved in the initial steps of amino acid permease translocation. In particular, they suggest that yeast arginine (CAN11 permease is initially inserted into the ER membrane and subsequently translocated to the plasma membrane via the secretory pathway. Gene fusion experiments utilizing the amino terminal portion of the CAN1 permease revealed several novel set factors (SEC70, SEC71, SEC72) that are required for proper insertion of this permease into the membrane of the ER [95, 96, 108] [116, 117] . A possible explanation would be that these mutations result in 'blocks' anywhere along a what seems to be a highly specific eukaryotic amino acid permease translocation pathway. The discovery of this pathway enabling amino acid permesses of yeast, and possibly of all eukaryotic microbes, to attain the proper three-dimensional conformation necessary for their sorting and subsequent transport from the ER to the plasma membrane, further supports the unique features of this transporter family.
Searching for structural and functional motifs
General speculations Speculating on amino acid sequences and their similarities and on transmembrane topologies using appropriate algorithms shouid allow predictions to be made on regions of putative structural and functional importance. In particular, it has been shown previously that substrate specificity within any one family of transporters correlates to a remarkable degree with sequence conservation [55, 56] . Hydrophobic, putative transmembrane segments are expected to include important structural determinants, and in particular, 'internal' signal sequences driving and stabilizing amino acid permeases into the lipid bilayer of the plasma membrane. Such sequences might, in principle, be identified by comparing amino acid sequences of fungal amino acid permeases which share a common pathway of topogenesis. For example, the sequence M(L)I(L)AUHGGXIGTGLFVG (where X is any hydrophobic amino acid) is found to be strongly conserved, in the most N-terminal putative transmembrane domain of ail fungal and bacterial amino acid penneases, and is thus an excellent candidate to be part of a domain initiating transporter protein translocation into the membrane (Fig. 2) . Polar amino acids within or at the borders of hydrophobic segments might also be important topological (in inter-transmembrane domain interactions) or functional (in solute binding) determinants. Such amino acids are found conserved within transmembrane domain III and in the borders of transmembrane domains V, VI, VII and VIII, of the amino acid permeases shown in Fig. 2 . Amino acid sequence similarity of hydrophilic segments should be of the highest interest in respect to studies addressing post-translational regulation, feedback and trans-inhibition, and initial steps in transport catalysis. Inactivation and reactivation of amino acid penneases at the membrane level should involve the interaction and, possibly, the modification of cytoplasmically located permease segments with trans-regulators, such as a kinase or a phosphatase, and it would thus be of great interest to know the amino acid changes in the PIT, pgr and gar mutants described previously.
Putative jmctional motifs in amino acid transporters Extracellular permease domains should be involved in amino acid recognition, in determining the specificity of the petmease and/or in proton transport. In particular, the sequence GXR(KIYWXXP-GAF(W) which is found conserved in all nonaromatic fungal amino acid permeases (see Figs. 2 and 4A) has attracted our attention. First, it is localized in the longest and most divergent putative extracellular segment in which amino acid residues of transporters with similar specificities are significantly better conserved than amino acid residues of transporters with different specificities (see Fig. 2 ). Second, a similar region exists in a number of amino acid transporters of mammals, such as the family of Na+-dependent amino acid neurotransmitters [SO,811 and the Na+-independent cationic amino acid transporter MCATl [118, 119] . Ah these transporters have very similar topologies (12-14 transmembrane domains) and in all the GXRfK)XXXXPGAF(W) sequence is located in a practically identical, putative extracellular, region (Fig. 4A) . However, its absence from prokaryotic and a number of mammalian and plant amino acid transporters (unpublished observations), as well as its divergence in the recently sequeucrd tyrosine and tryptophan fungal transporters make an assumption on its role premature. . Two regions of amino acid sequence similarity, and putative functional importance. conserved in bacterial, fungal and mammaltan amino acid transporters. Sequences were aligned as described in Fig. 2. (A) Sequence located in a putative extracellular hydrophilic region in fungal and a number of mammalian transporters. Pmtl, Gata, Gatb, Bgtl and Glyl are mammalian nettrotransmitters specific for proline, GABA, belaine and glycinc respectively [80, 81] ; MCATl is a cationic amino acid transporter from mouse cells [118-1201; all other bacterial and timgal peroteases are described in Fig. 2 . In all these proteins, the conserved sequence shown is found between putative transmembrane domains V and VI, except from the MCATI transponer in which it is found between transmembrane domains VII and VIII. (B) Seauencc which is sufficient to determine the characteristics of cationic amino acid transwrt in the family of mammalian MCAT transporters (Cat-l, -k, -2b; [138-1231) . A similar sequence is found overlapping the end of putative transmemb~atte domain VIII and the following hydrophilic region, in all bacterial and fungal penneases (see also Fig. 2 ).
malian transporters mediating uptake of arginine, lysine and omithine [118-1231. MCAT-1 has a high substrate affinity, is widely expressed in mouse tissues, and its activity is 'trans-stimulated' by its substrate on the opposite side of the membrane. MC'AT-2A is expressed in hepatocytes, has a low affinity for cationic amino acids, and is much less sensitive to trans-stimulation. MCAT-2B (previously known as Tea protein) is expressed in lymphocytes, variant segment of 41-47 amino acid residues which determines the transport properties of the MCAT proteins [122, 123] . When this segment was compared to the sequences of the fungal amino acid transporter family, it was found to be similar to a unique rrgion overlapping the end of putative transmembrane domain VIII and the following hydrophilic region of fungal permeases (Fig. 48) . Although a 2530% similarity score in a 39-amino acid segment is not very high, a preliminary observation suggests a possible role of this segment in amino acid transport in fungi. This observation comes from a recently characterized prnB loss-of-function mutahas an apparent affinity for arginine uptake 70-fild higher than MCAT-2A, and is trans-stimulated similar to MCAT-1. Construction of a series of chimeric transporters has led to the identiflcatiorr of a short tion which changes the spacing of the conserved a-helix breaking and positively charged residues in this region (U. Tazebay. C. Scazzocchio, V. Sophianopoulou and G. Diallinas, unpublished results).
Conclosions and perspectives
This review has presented recent advances in the study of amino acid permeases of lower eukaryotes such as S. cereoisiae and A. nidulans. The complexity of strategies these microorgacisms employ to adapt amino acid transport to their needs is evident. Control of amino acid permease activities in response to the quality and quantity of the nitrogen source present in the culture medium is achieved principally by a dual mechanism: regulation of synthesis and regulation of activity.
Amino acid permease genes provide ideal reporter genes to study nitrogen catabolite repression since their promoters are highly sensitive to this regulation. Trans-GATA-regulators and c&acting elements mediating nitrogen catabolite repression of amino acid permease gene expression have already been identified in yeast and filamentous fungi. In vitro footprint protection and interference studies have been employed to understand how nitrogen catabolite repression of the prnE transcription is achieved at the level of DNA-protein interactions. These results are complemented by the molecular characterization of mutant alleles of the ARJZA GATA-regulator and of mutant AREA target sites. In yeast and N. crassa, non-DNA-binding proteins (URE2, NMR) participating in nitrogen catabolite repression by regulating the activity of GATA-factors have also been isolated and studied. Finally, the interaction of pathway-specific and nitrogen catabolite repression and/or carbon catabolite repression wide-domain regulation mechanisms is finely demonstrated by the UGA4 and prnB studies and can further be studied by in vivo footprint experiments under different physiological conditions of growth.
Post-translational inactivation-reactivation regulation of amino acid transport activities is far less understood. However, a number of genes whose products are involved in this regulatory circuit have been identified. Their structures suggest the involvement of phosphorylation (NPRl) or translational (AUAl) mechanisms in the control of amino acid transport activities. The existing data also suggest similarity between regulation of amino acid transport activities in lower eukaryotes and regulation of cellular transport rates by hormones and other agents that operate in mammals (phosphorylation-dephosphorylation cascades associated with exocytotic insertion and endocytotic removal of transporter containing vesicles from the plasma membrane).
The location of amino acid permeases within the plasma membrane and their highly specific translocation pathway add several levels of complexity to the prir;;iples governing their structure and function. Chaperoning has been suggested to be involved in this pathway by the fact that amino acid permeases seem to be translocated into the plasma membrane post-translationally. This is supported by the involvement of chaperone-like proteins (SHR3 and SEC-like factors) in their topogenesis and by the effect of immunosuppressant drugs, known to inhibit enzymes involved in protein folding, on amino acid transport activities in yeast. Recently, a human chaperone-like protein WTR3), related to T-complex proteins, has been shown to activate the general amino acid permease of yeast in the presence of ammonia [124] . Thus, amino acid permeases provide an ideal molecular system to study not only the principles goveming post-translational topogenesis, but also how this complex intracellular process is regulated in response to the physiological conditions of growth.
Speculating on amino acid sequence similarities should provide important clues to the structure and mechanism of transport of amino acid permeases. Conserved hydrophobic sequences should define 'motifs' which might be involved in a particular topological interaction common to all amino acid permeases. On the other hand, conserved amino acid residues in the borders of hydrophobic or in hydrophilic segments might directly be involved in transport catalysis. Two sequences of possible interest were discussed in Section 3.4 (see also Fig. 4) .
Easily manipulated microbial systems such as S. cerehiae and A. nidulans provide ideal genetic and molecular systems to perform all necessary experiments to study amino acid transport across the plasma membrane. The existence of fine genetic maps, as in the case of the pm/3 gene, including cryosensitive and thermosensitive mutations and the development of the PCR technique, allows a fine, non-biased, structure-function analysis of the proline permease of A. nidulans to be carried out. A plethora of permease conditional loss-of-function mutants, specificity mutants and second site-revertants can further be selected and mapped by simple genetic techniques. Overexpression of fungal permeases can be achieved by high-copy replicating plasmids, tandem-integration or by employing strong inducible promoters. The addition of a small peptide epitope in the N-terminal (or C-terminal) of a permease can be used to follow its fate in the mutants by Western blot analysis, using antibodies to the epitope. Fast and easy uptake studies can be performed with yeast ceils or Aspergillus pre-germinating mononucleate conidia to obtain information concerning the kinetic and energetic properties of wild-type and mutant transport systems.
The Ecotropic Retroviral Leukaemia receptor (ERR or MCAT-I), a T-cell early activator protein (MCAT-2B or Tea) and the Human Retroviral receptor (HRR) show sequence similarities with fungal amino acid transporters [79] . Both MCAT-1 and MCAT-2B have been shown to function as amino acid transporters [119-12.5 ]. This review presented two regions of relative similarity (and putative functional importance) in fungal and mammalian amino acid transporters. Thus, knowledge obiained from work with amino acid transporters of simple eukaryotes might prove significant in understanding the function of the analogous proteins in higher organisms.
